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ABSTRACT
Disinfection of potable water supplies is a primary requirement of the United States’
Environmental Protection Agency’s (USEPA’s) Safe Drinking Water Act. The use of chlorine as
a disinfectant is widely accepted by water purveyors due to its effectiveness and low cost.
However, chlorine reacts with natural organic matter present in water supplies to form suspected
carcinogenic disinfection by-products (DBPs). In this work, the formation of the regulated
chlorinated by-products total trihalomethanes (TTHMs) and haloacetic acids (HAA5) for eleven
Central Florida wells has been investigated. Fluorescence, UV-254, dissolved organic carbon
(DOC), specific UV absorbance (SUVA), chlorine decay, and TTHM and HAA5 formation
potentials (FPs) were analyzed. Fluorescence results suggested that the highest fraction of organic
matter in the wells was in the form of humic acid. TTHM and HAA5 FPs were correlated to UV254, and to a lesser extent, DOC. TTHM FP results for each well investigated showed 85 to 250
μg/L TTHMs formed with <0.10 to 1.1 mg/L free chlorine residual after 96 hours of incubation.
The highest TTHM-forming wells surpassed the regulatory 80 µg/L maximum contaminant level
in less than 10 hours. Granular activated carbon (GAC) in adsorption and biological modes,
nanofiltration (membrane softening), ozone oxidation, and aeration with tray, spray, or packed
tower technologies were evaluated as treatment alternatives. Conceptual opinions of probable
process costs suggest that of the alternative treatment technologies evaluated, recirculating tray
aerators were most economical for TTHM reduction at $0.054/Kgal and $0.048/Kgal for a 5 and
10 million gallon per day (MGD) plant, respectively, assuming a 20-year time frame and 8%
interest rate. However, ozone could prove useful for HAA5 control at $0.12/Kgal and $0.097/Kgal
for a 5 and 10 MGD plant, respectively, assuming a 20-year time frame and 8% interest rate.
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CHAPTER 1. INTRODUCTION
The United States’ Environmental Protection Agency (USEPA) mandates public water systems to
disinfect water for inactivation of pathogenic microorganisms (primary disinfections) and maintain
a disinfectant residual in the distribution system (secondary disinfection). Chlorination of water
for inactivation of pathogenic microorganisms and maintenance of a disinfectant residual is a
common potabilization practice in the United States. Although the addition of chlorine to water
has decreased the consumer’s exposure to waterborne disease, the chemical reacts with natural
organic matter (NOM) present in source waters to form undesirable compounds known as
disinfection by-products (DBPs). Many DBPs are suspected carcinogens are hence regulated by
the USEPA. Two groups of regulated DBPs include four total trihalomethanes (TTHMs) and five
haloacetic acids (HAA5). Due to health concerns associated with DBPs, the USEPA has enacted
the Stage 1 and Stage 2 Disinfectant and Disinfection By-Products Rules (D/DBP Rules). Per the
D/DBP Rules, the maximum contaminant level (MCL) for total trihalomethanes (TTHMs) is 80
µg/L and the MCL for the five regulated haloacetic acids (HAA5) is 60 µg/L measured in the
distribution system as a locational running annual average (LRAA).
Small drinking water systems such as those within Polk County’s Northeast and Northwest Utility
Service Areas (NERUSA and NWRUSA) located in Central Florida are impacted by changing
drinking water regulations due to economic and social factors that affect compliance (County,
1011 Jim Keene Blvd., Winter Haven, FL 33880). Wells in NERUSA and NWRUSA were
investigated as part of two independent studies; both studies were conducted to provide Polk
County with a water quality and treatment evaluation for the system’s wells relative to the
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engineering challenges posed by current and anticipated future regulations. The NERUSA study
involved investigated existing wells, whereas the NWRUSA study involved the investigation of
five new wells and one existing well. The objective of this research was threefold: (1) to investigate
wells of concern for higher DBP formation potentials in the Northeast and Northwest Utility
Service Areas in Polk County, Florida (County) and focus on TTHMs and organic content, (2)
identify and discuss viable alternative treatment technologies for the small systems in the County
to maintain compliance to DBP regulations as the aged distribution systems expand, and (3)
perform a conceptual probable cost analysis of identified treatment alternatives. In this thesis, a
technical review of water quality chemistry conditions in the wells are used to identify costeffective treatment alternatives to maintain compliance to regulations as the County expands its
aged distribution system for newer home development. The water treatment plants (WTPs) in the
NERUSA and NWRUSA rely on chlorine for disinfection, so the relevant DBPs of concern are
TTHMs and HAA5.
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CHAPTER 2. LITERATURE REVIEW
An Overview of Disinfection By-Product Regulations
In 1974, it was discovered that chlorination of water supplies results in the formation of haloform
products (Rook, 1974). These haloform products came to be known as disinfection by-products
(DBPs) and regulations were created for DBPs that were concluded to pose a human health risk;
regulated DBPs include total trihalomethanes (TTHMs), five haloacetic acids (HAA5), bromate,
and chlorite (USEPA, 1979) (USEPA, 2006). TTHMs and HAA5 are by-products of chlorination
of natural waters, whereas bromate and chlorite are the by-products of the addition of ozone and
chlorine dioxide, respectively. The waters focused on for this study are disinfected with chlorine,
so TTHMs and HAA5 are the DBPs of interest in this literature review. TTHMs include
chloroform, bromoform, bromodichloromethane, and dibromochloromethane, and HAA5 include
monochloroacetic acid, dichloroacetic acid, trichloroacetic acid, monobromoacetic acid, and
dibromoacetic acid.
In 1979, the USEPA established a maximum contaminant level (MCL) for total trihalomethanes
(TTHMs) of 100 µg/L (USEPA, 1979). The promulgation of the Stage 1 Disinfectants and
Disinfection Byproducts (D/DBP) Rule in 1998 lowered the TTHM MCL to 80 µg/L and
introduced the HAA5 MCL of 60 µg/L (USEPA, 1998). The MCLs in Stage 1 D/DBP Rule are
calculated on a running annual average (RAA) of DBP values measured quarterly over the course
of a year at multiple points throughout a utility’s distribution system (USEPA, 1998). The Stage 1
D/DBP Rule also established maximum contaminant level goals (MCLGs) for DBPs and
maximum residual disinfectant levels (MRDLs) and maximum residual disinfectant level goals
3

(MRDLGs) for disinfectants. The Stage 2 D/DBP Rule passed in 2006 by the USEPA did not
change the MCLs for TTHMs or HAA5, but evaluates compliance using LRAAs instead of RAAs
(USEPA, 2006). LRAAs are calculated by taking an average of the quarterly measurements over
a year at a site within the distribution system identified as having the highest potential DBP
concentrations (USEPA, 2006). It is noted that the Stage 2 D/DBP Rule maintained the majority
of the MCLs, MCLGs, MRDLs, and MRDLGs established in Stage 1 D/DBP Rule. Regulated
DBPs and disinfectants are summarized in Table 2.1.
Table 2.1: Stages 1 and 2 D/DBP Rule Overview
Stage 1 D/DBP Rule
Regulated
MCL (mg/L) MCLG (mg/L)
Contaminants
TTHM
0.080
Chloroform
Bromodichloromethane
0
Dibromochloromethane
0.06
Bromoform
0
HAA5
0.060
Monochloroacetic acid
Dichloroacetic acid
0
Trichloroacetic acid
0.3
Bromoacetic acid
Dibromoacetic acid
Bromate
0.010
0
Chlorite
1.0
0.8
MRDLG
Regulated Disinfectants MCL (mg/L)
(mg/L)
Chlorine
4.0 as Cl2
4.0
Chloramines
4.0 as Cl2
4.0
Chlorine Dioxide
0.8
0.8
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Stage 2 D/DBP Rule
MCL
MCLG
(mg/L)
(mg/L)
Unchanged
0.07
Unchanged
Unchanged
Unchanged
Unchanged
0.07
Unchanged
0.2
Unchanged
Unchanged
Unchanged
Unchanged
MCL
MRDLG
(mg/L)
(mg/L)
Unchanged
Unchanged
Unchanged
Unchanged
Unchanged
Unchanged

Disinfection By-Product Formation Chemistry
DBPs are formed from reactions between precursors and the oxidant used for disinfection; these
precursors are largely comprised of natural organic matter (NOM) (Koch, Krasner, Sclimenti, &
Schimpff, 1991). Major factors that influence the formation of DBPs include the pH and
temperature of the water, contact time, residual concentration, the presence and concentration of
bromide and NOM, and disinfectant dose (Liang & Singer, 2003). The influence of pH on
formation of chlorinated DBPs is notable; formation of THMs is enhanced in alkaline waters while
formation of HAAs is enhanced in acidic waters (Crittenden, Trussell, Hand, Howe, &
Tchbanoglous, 2005).
In 1977, Rook presented experimental evidence for possible reaction pathways that suggest that
the reaction for THM formation is catalyzed by hydroxide ions present in the water (Rook, 1977).
It has been shown that TTHM and HAA5 formation generally forms rapidly in the first few hours,
and then the reactions slow as the concentration of the disinfectant decreases with time (Liang &
Singer, 2003). Nevertheless, long distribution system water ages lead to elevated concentrations
of DBPs due to increased time available for chlorine and NOM to form DBPs. TTHMs and HAA5
also form more rapidly at elevated temperatures due to faster reaction kinetics causing increased
chlorine demand, higher chlorine dosages, and increased DBP formation potential (Singer, 1994).
The presence of bromide is also notable, as brominated DBPs are suspected to be more
carcinogenic than chlorinated DBPs (Richardson, Plewa, Wagner, Schoeny, & DeMarini, 2007).
The disinfectant dose is based on a variety of chemical factors. One factor of particular relevance
to Florida groundwaters is total sulfide concentration. Total sulfide includes hydrogen sulfide
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(H2S), bisulfide (HS-), and sulfide ion (S2-); the relative concentrations of each component of total
sulfide varies with pH. H2S is the predominant sulfide species below pH 7 and HS- is predominant
between pH 7 and pH 13.8. The Florida Department of Environmental Protection (FDEP) regulates
total sulfide in drinking water wells in accordance with Florida Administrative Code 62555.315(5)(a); total sulfide must be removed in a method such as aeration for wells whose total
sulfide concentrations equal or exceed 0.3 mg/L (FDEP, 2003). For wells with total sulfide values
of 0.3 to 0.6 mg/L, conventional aeration is a viable option, but for wells with total sulfide
concentrations of 0.6 to 3.0 mg/L, forced draft aeration is a potential treatment option as
conventional aeration will not suffice (FDEP, 2003). Chlorination can be used for sulfide removal
only if the elemental sulfur formed during chlorination is removed (FDEP, 2003).
H2S removal is generally achieved by tray, spray, or forced draft aeration in conjunction with
chlorination. However, Lyn and Taylor discovered that chlorination of sulfur-laden waters with
pH greater than 3.8 forms sulfur turbidity at various rates depending on the free chlorine (Cl2) to
total sulfide molar ratio. Formation of sulfur turbidity not only adds turbidity to the water, but can
also lead to corrosion, black water formation, and lead and copper concerns (Lyn & Taylor, 1992).
The consumption of chlorine by the formation sulfur turbidity leads to an increased required
chlorine dose and can impact DBP formation. Chlorine reacts with sulfide under two competing
reactions, shown in Equation 2.1 and Equation 2.2. If the reaction proceeds as written in Equation
2.1, 2.1 mg of chlorine are consumed per mg of H2S removed; this value increases to 8.1 mg of
chlorine per mg H2S under Equation 2.2. The consumption of H2S with chlorine is rapid, reaching
completion within a few minutes, but not ideal for systems concerned with DBP formation. Thus,
reduction of sulfide prior to chlorination is beneficial for minimizing taste and odor complaints,
6

preventing formation of excess sulfur turbidity, minimizing the chlorine dose, and reducing
formation of DBPs.
Cl2 + H2 S → 2HCl + S0

(2.1)

4Cl2 + H2 S + 4H2 O → 8HCl + H2 SO4

(2.2)

A bench-scale simulated distribution system can be effectively used to predict the formation of
DBPs in a utility’s distribution system if temperature, disinfectant dosage, and incubation times
are representative of the utility’s WTP and distribution system (Koch, Krasner, Sclimenti, &
Schimpff, 1991). Bench-scale simulated distribution systems can be provide highly useful
information for a utility’s planning purposes by quantifying DBP formation potentials and testing
methods of lowering DBPs in the distribution system by either removing DBPs after formation or
by removing organic precursors.
Characterization of Organic Precursor Material
Since the formation of TTHMs and HAA5 is highly dependent on the concentration and nature of
NOM, the characterization of NOM is useful when optimizing water treatment processes to
minimize DBP formation (Zheng, Yang, Deng, Le, & Li, 2016). It has been shown that the humic
and fulvic acids are the primary fractions of NOM that react with chlorine to form DBPs, with
humic acids generally being a higher contributor to DBP formation than fulvic acids due to a higher
aromatic carbon content (Reckhow, Singer, & Malcolm, 1990).
UV-254, dissolved organic carbon (DOC), and specific UV absorbance (SUVA) are parameters
identified as having correlation to DBP formation potentials, with literature citing UV-254 as a
highly accurate precursor surrogate parameter for TTHM formation potentials (Pifer & Fairey,
7

2014) (Gallard & Gunten, 2006). SUVA is defined as the UV absorbance of a water sample at a
given wavelength normalized with DOC concentration and can be used to measure aromaticity of
NOM. Since humic and fluvic acids are highly aromatic, SUVA may be used as a surrogate
parameter for TTHM and HAA5 formation potentials, but studies have indicated that SUVA is a
conditional parameter that is useful for some waters in predicting percent removal of aromatic
NOM but does not provide information on the reactivity of DOC (Jung & Son, 2008; Weishaar, et
al., 2003; Marais, Ncube, Msagati, Mamba, & Nkambule, 2019). It is also notable that the literature
reviewed pertaining to SUVA is derived from studying surface waters rather than ground waters
and thus correlations between SUVA and TTHM and HAA5 formation potentials in this research
may differ from literature (Jung & Son, 2008; Weishaar, et al., 2003; Marais, Ncube, Msagati,
Mamba, & Nkambule, 2019).
Characterization of NOM can be accomplished with fluorescence spectroscopy in either a
qualitative or quantitative manner. Data collected from analysis of samples with a
spectrophotometer can be used to create excitation-emission matrices (EEMs). EEMs can be
divided into five organic regions, as depicted in Figure 2.1 (Chen, Westerhoff, Leenheer, &
Booksh, 2003). Qualitative analysis of fluorescence spectroscopy data includes creation of EEMs
and visual inspection of peaks to determine which organic region(s) comprises the highest relative
fraction of total NOM.
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Figure 2.1: Excitation-Emission Matrix with Organic Regions
Quantitative analysis is not consistent among literature and can be achieved by various methods,
including parallel factor (PARAFAC) analysis, in which fluorescence data are sorted into a set of
independent components that correlate to source water composition (Bridgeman, Bieroza, &
Baker, 2011). Other quantitative methods of utilizing EEMs include comparison of fluorescence
indexes, such as the change of the wavelength corresponding to 50% of the maximum intensity of
fluorescence and the ratio of fluorescence intensities measured at 500 and 450 nm (Roccaro,
Vagliasindi, & Korshin, 2009). These indexes are indicative of shifts in the emission wavelengths
of NOM and are affected by changes in aromaticity and molecular weight of NOM (Roccaro,
Vagliasindi, & Korshin, 2009). Additionally, the intensities of the indexes increase with chlorine
dose, reaction time, and temperature, and correlate with DBP concentrations.
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Downfalls of quantitative analysis with fluorescence spectroscopy is the apparent lack of a
standard method for the normalization of data. Common practice includes subtracting a blank
sample from each sample to account for Raman scattering, but there are many reported methods
in literature to correct for inner filter effects (IFEs) (Bridgeman, Bieroza, & Baker, 2011). Raman
scattering is due to the inelastic scattering of a photon by excited molecules and the IFE occurs
due to two reasons: (1) because some of the light is absorbed before it reaches the point in the
sample where luminescence is observed, and (2) because some emitted light is re-absorbed before
it leaves the sample cell (Kubista, Sjoback, Eriksson, & Albinsson, 1994). It has been shown that
IFE appear when the absorbance of the sample is greater than 0.05 and can be corrected for
mathematically or with instrument modifications, otherwise avoided by diluting samples
(Bridgeman, Bieroza, & Baker, 2011).
Correcting for IFE is especially important when comparing fluorescence data obtained from
different instruments due to variances in sample cells and path lengths, for example, but
mathematical methods for correction that consider path lengths must be carefully carried out as
errors in path length determination can lead to significant errors in IFE correction (Kubista,
Sjoback, Eriksson, & Albinsson, 1994) (Nettles II, Hu, & Zhang, 2015). In short, quantitative
analysis of fluorescence spectra shows promise for selective and sensitive characterization of
organic matter in water samples, but qualitative analysis of EEMs is sufficient to obtain
preliminary information on organic characterization in water supplies.
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CHAPTER 3. SOURCE WATER CONDITIONS
Polk County Utilities produces and distributes approximately 2.7 billion gallons of safe drinking
water to the Northeast Regional Utility Service Area (NERUSA) and 0.93 billion gallons to the
Northwest Regional Utility Service Area (NWRUSA) per year. Five wells in the NERUSA and
six wells in the NWRUSA were investigated for this research. Reasons for selecting the wells
studied are explained in this chapter, as are abbreviations for the wells, water quality, and locations
of the wells. Well name abbreviations used throughout this document are included in Table 3.1
and basic source water quality data pertinent to DBPs are summarized in Table 3.2. SUVA was
calculated by dividing UV-254 by NPDOC and converting units to L/mg/m. Table 3.3 includes
additional raw water quality data. Approximate locations of the 11 wells evaluated in this study
are included in Figure 3.1.
Table 3.1: Well Abbreviations
Service Area

Northeast

Northwest

Well

Abbreviation

Oak Hills Well 2
Providence Well 5
Providence Well 6
U.S. Homes Well
Van Fleet Well
Cherry Hill Well 1
Cherry Hill Well 2
Gibson Oaks Well 1
Lake Gibson Well
Sherwood Lakes Well 1
Sherwood Lakes Well 2

OH2
P5
P6
US
VF
CH1
CH2
GO1
LG
SL1
SL2
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Table 3.2: Basic Raw Water Quality Pertinent to DBPs

Northwest

Northeast

Service
Sampling
Temp.
Well
pH
Area
Date
(°C)
OH2
P5
P6
US
VF
CH1
CH2
GO1
LG
SL1
SL2

8/7/18
8/7/18
8/7/18
8/8/18
8/8/18
10/8/18
11/7/18
10/22/18
3/7/19
4/22/19
3/7/19

7.4
7.4
7.6
7.8
7.4
7.6
7.9
7.3
7.6
7.1
7.1

27
28
26
26
26
26
28
28
26
26
25

Sulfide
(mg/L)

Br(mg/L)

0.30
0.13
0.15
0.02
0.15
0.22
0.21
<0.01
0.03
0.03
0.02

<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
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UV254
(cm-1)
0.099
0.070
0.066
0.049
0.081
0.025
0.027
0.054
0.039
0.044
0.039

NPDOC
(mg/L)
2.7
1.8
1.7
1.2
2.4
0.68
0.77
1.8
1.1
1.7
1.5

SUVA
(L/mg/
m)
3.7
3.9
3.9
4.1
3.4
3.7
3.5
3.0
3.6
2.6
2.6

Table 3.3: Additional Raw Water Quality
Service Area
Well
Sampling
Date
Conductivity
(µS/cm)
Turbidity
(ntu)
ORP (mV)

OH2

P5

Northeast
P6

8/7/18

8/7/18

8/7/18

8/8/18

8/8/18

329

319

294

298

334

330

294

0.23

0.26

0.30

0.49

0.36

*

-139

-116

-112

-96.3

-133

DO (mg/L)

0.42

0.73

0.57

0.16

Color (true)
(ptCo)
TDS (mg/L)

10

8

7

181

188

US

VF

CH1

CH2

Northwest
GO1
LG

SL1

SL2

3/7/19

4/22/19

3/7/19

394

339

411

457

1.03

0.74

0.88

0.91

0.87

-172

-168

-19.6

13.6

-90.3

-37.3

0.29

0.30

0.37

0.12

1.07

0.73

0.95

5

7

0

0

0

3

2

3

170

168

133

168

169

218

183

223

258

10/8/18 11/7/18 10/22/19

Alk. (mg/L
CaCO3)
Cl- (mg/L)

172

137

150

214

90

*

149

180

156

212

222

8.06

6.05

5.69

11.1

11.2

7.45

6.85

7.94

8.84

8.41

9.61

Ca2+ (mg/L)

54.2

48.5

48.1

47.9

60.1

43.1

43.1

63.2

57.1

76.7

75.6

Mg2+ (mg/L)

9.35

7.8

7.66

4.68

5

8.84

8.47

4.94

6.43

7.83

10.7

SiO2 (mg/L)

9.8

9.5

9.71

12.7

15.2

17.2

17.2

14.4

12.3

20.6

20.9

*UCF was not present at the sampling event for CH1, so turbidity and alkalinity were not collected.
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(a)

(b)

Figure 3.1: Approximate Locations of Wells on (a) an Expanded and (b) a Zoomed-In Map
14

NERUSA Source Water Conditions
The NERUSA is comprised of six WTPs fed by 16 upper Floridan Aquifer wells (Polk County
Utilities, 2018). Typical treatment for the NERUSA WTPs includes sodium hypochlorite for
disinfection, a poly-orthophosphate solution for corrosion control and iron sequestration, and
cascade tray aeration for sulfide removal. On August 7 and 8, 2018, water was collected from
fifteen of the existing wells in the NERUSA (one well was inaccessible) with bulk water collected
from five wells that were identified by the County as frequently-used wells of concern for higher
DBP FPs. The five wells of concern are: OH2, P5, P6, US, and VF. Analysis of the UV-254 and
NPDOC data from the fifteen NERUSA wells shows that the five wells of concern have relatively
high organic content and thus a higher probability for increased DBP FPs; this data is included in
Table 3.4.
Table 3.4: NERUSA Wells Organic Analysis and Selection of Representative Dataset
Service
Area

WTP
Edgehill
Holly Hill

Northeast

Loma Linda
Polo Davenport

Providence

VF

Well
Edgehill Well 1
Edgehill Well 2
Holly Hill UFA
Loma Linda Well 1
Loma Linda Well 2
Polo Davenport Well 2
Oak Hills Well 1
OH2
Oak Hills Well 3
P5
P6
Bella Toscana
Tierra del Sol
US
VF
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NPDOC
(mg/L)
0.523
0.429
0.269
0.700
0.708
1.75
1.94
2.71
2.37
1.81
1.70
0.922
0.409
1.24
2.38

UV-254
(cm-1)
0.025
0.017
0.015
0.022
0.023
0.059
0.073
0.099
0.081
0.070
0.066
0.036
0.016
0.049
0.081

DBP FP
Analysis

✓
✓
✓
✓
✓

NWRUSA Source Water Conditions
The NWRUSA is comprised of six WTPs fed by seven upper Floridan Aquifer wells (Polk County
Utilities, 2018). Typical treatment for the existing WTPs that treat the groundwater in the
NWRUSA rely on sodium hypochlorite for disinfection, and a poly-orthophosphate solution for
corrosion control and iron sequestration. Expansions in the NWRUSA led to new wells being
added to the system. From October 2018 to April 2019, water was collected from five new wells
and one existing well for the expanding NWRUSA with LG being the existing well. Water quality
is presented in Table 3.2 and Table 3.3.
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CHAPTER 4. MATERIALS AND METHODS
This chapter presents a description of the experimental plan, materials, and methodology for
chlorine dosing evaluation, DBP formation analysis, and organic analysis. Also included in this
chapter are methods for laboratory quality analysis and control.
Water Quality and Analytical Procedures
Upon arrival to UCF laboratories, samples were analyzed for the water quality parameters listed
in Table 3.2 and Table 3.3. Methodology and equipment used for water quality analysis are
summarized in Table 4.1 except for fluorescence spectroscopy, which is described in the Organic
Characterization section of this chapter. Bulk water was stored at 4°C until chlorine and DBP
experimentation was conducted. Prior to dosing with chlorine in the form of sodium hypochlorite,
3,000 mL quantities of bulk water containing sulfide was aerated overnight with stone bubblers
for sulfide removal. Chlorine doses for the wells were unknown, so three doses were tested for
each well sample to obtain the required dose to achieve the desired residual (0.2 – 1.0 mg/L Cl2
after 96 hours of incubation at 30°C for standard chlorine conditions). An incubation temperature
of 30°C was selected to represent worst-case summer conditions in Central Florida. Chlorine was
dosed with a stock solution of approximately 36,000 mg/L Cl2 into 3,000 mL of sample. Stock
solution strength was re-measured before each dosing event. Chlorine was measured after
incubation at 30°C for approximately 0, 8, 24, 48, and 96 hours. Samples were dosed in a 4,000
mL beaker and stirred with a stir bar for 30 seconds before measuring the 0-hour Cl2 residual and
carefully pouring the chlorinated sample into 60-mL glass amber bottles. Atmospheric and light
exposure to chlorinated samples was minimized.
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Table 4.1: List of Methods and Equipment for Water Quality Analysis
Test
Location

Method
Detection
Level

Preservation
Technique

Holding
Time

Test

Method

Equipment
Description

Conductivity

SM: 2510 B. Laboratory
Method

HACH HQ40D
Conductivity Probe

0.01
μS/cm

N/A

Analyze
immediately

ORP

SM: 2580 B.

HACH HQ40D ORP
Probe

-2000 to
2000 mV

N/A

Analyze
immediately

pH

SM: 4500-H+ B.
Electrometric Method

HACH HQ40D pH and
Temperature Probe

0.01 pH
units

N/A

Analyze
immediately

Sulfide

HACH Method 8131

HACH DR900

0.01 mg/L

N/A

Analyze
immediately

Temperature

SM: 2550 B. Laboratory
and Field Methods

HACH HQ40D pH and
Temperature Probe

0.1 °C

N/A

Analyze
immediately

Turbidity

SM: 2130 B.
Nephelometric Method

HACH 2100N
Laboratory Turbidity
Meter

0.01 NTU

N/A

Analyze
immediately

Sulfuric Acid Burette
Titration

5 mg/L as
CaCO3

Refrigerate at 4°C

14 days

ICP Spectrometer Perkin Elmer Avio 200

0.01 mg/L

2% nitric acid,
refrigerate at 4°C

6 months

IC - Dionex ICS-1100
with AS40 Automated
Sampler

0.004
mg/L

Refrigerate at 4°C

28 days

HACH
Spectrophotometer
DR5000

0.02 mg/L
as Cl2

N/A

Analyze
immediately

Field

Alkalinity

Calcium
UCF
Laboratory
Chloride

Chlorine
(Free)

Standard Methods (SM):
2320 B. Titration
Method
SM: 3120 B. Inductively
Coupled Plasma (ICP)
Method
SM: 4110 B. Ion
Chromatography (IC);
SM: 4500 B.
Argentometric Method
Hach Method 8021
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Test
Location

Test

Method
Detection
Level

Preservation
Technique

Holding
Time

HACH DR 2700
Spectrophotometer

1 cpu

Refrigerate at 4°C

7 days

0.005
mg/L

2% nitric acid,
refrigerate at 4°C
2% nitric acid,
refrigerate at 4°C

SM: 2120 C.
SpectrophotometricSingle-Wavelength
Method
SM: 3120 B. ICP
Method
SM: 3120 B. ICP
Method

ICP Spectrometer Perkin Elmer Avio 200
ICP Spectrometer Perkin Elmer Avio 200

Manganese

SM: 3120 B. ICP
Method

ICP Spectrometer Perkin Elmer Avio 200

0.005
mg/L

2% nitric acid,
refrigerate at 4°C

6 months

NPDOC

SM: 5130 C. PersulfateUltraviolet or HeatedPersulfate Oxidation
Method

Teledyne Tekmar Total
Organic Carbon Fusion
UV/Persulfate Analyzer

0.01 mg/L

2% phosphoric
acid, refrigerate at
4°C

28 days

Silica

SM: 3120 B. ICP
Method

ICP Spectrometer Perkin Elmer Avio 200

0.02 mg/L

2% nitric acid,
refrigerate at 4°C

6 months

Sodium

SM: 3120 B. ICP
Method

ICP Spectrometer Perkin Elmer Avio 200

0.03 mg/L

2% nitric acid,
refrigerate at 4°C

6 months

Sulfate

SM: 4110 B. IC

0.018
mg/L

Refrigerate at 4°C

28 days

UV254

SM: 5910 B. Ultraviolet
Absorption Method

0.01 cm-1

N/A

48 hours

HAA5

SM: 5710 D.

3 µg/L

Ammonium
chloride,
refrigerate at 4°C

14 days

Color (True)

Iron
Magnesium

Advanced
Environmental
Laboratories,
Inc.

Method

Equipment
Description

IC - Dionex ICS-1100
with AS40 Automated
Sampler
HACH DR 5000
Spectrophotometer
Agilent 6890N Network
Gas Chromatograph
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0.03 mg/L

6 months
6 months

After the optimal chlorine dose was selected, 3,000 mL quantities of bulk water containing sulfide
was aerated overnight then dosed with the selected dose. The experiment was conducted in a
similar fashion to the chlorine testing, except at each incubation time (approximately 0, 4, 8, 24,
48, and 96 hours), chlorine was read from one 60 mL glass amber bottle and another 60-mL glass
amber bottle was quenched with sodium sulfite and stored at 4°C for future TTHM analysis.
TTHMs were analyzed within 14 days of quenching using a gas chromatograph with a liquidliquid extraction method. At 96 hours, chlorinated samples stored in a 250-mL glass amber bottle
were quenched with ammonium chloride then stored at 4°C until delivery to Advanced
Environmental Laboratories, Inc. (Altamonte Springs, FL) for HAA5 analysis.
The incubation temperature, detention time, and closed system nature of the DBP formation
potential experiments were intended to simulate a conservative, “worst case” scenario in a
distribution system. However, laboratory experiments cannot simulate a full-scale distribution
system; thus, results are conceptual in nature and are intended for estimations and analytical
purposes.
Sample Collection
NERUSA well samples were collected on August 7 and 8, 2018 and NWRUSA well samples were
collected on various dates from October 2018 to April 2019. Five of the six NWRUSA wells were
still in the drilling process, so sampling occurred in conjunction with well step tests performed by
the County. The existing NWRUSA well, Lake Gibson well (LG), was sampled on the same day
as Sherwood Lakes Well 2 (SL2). For each well evaluated, bulk water was collected in 5-gallon
plastic totes and water for water quality analysis was collected in 125 mL plastic bottles and 1-
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liter glass amber bottles. Bulk water was used for chlorine decay testing and DBP formation
potential analysis, water from the 125 mL plastic bottles was used for metals analysis, and water
from the 1-liter glass amber bottles was used for analysis of alkalinity, TDS, true color, anions,
UV-254, fluorescence spectroscopy, and NPDOC. Water was collected in glass beakers and
measured onsite for pH, temperature, conductivity, and oxidation reduction potential (ORP).
Turbidity and total sulfide were also measured on-site; water was collected in glass vials specific
to the field kit for this purpose. Dissolved oxygen (DO) values were collected onsite by Polk
County staff.
Glassware used for this project was cleaned at UCF using DeconTM Dri-CleanTM detergent and 1:1
hydrochloric acid, and then rinsed thoroughly with distilled water. Glass vials used for THM and
NPDOC analysis and glass amber bottles were ashed at 400°C for two hours after being washed.
Organic Characterization
Since NOM is a precursor for THMs and HAAs, organic content in the source water was analyzed
and compared to DBP formation. NPDOC and UV-254 were analyzed on each well in accordance
with the equipment and methods described in Table 4.1. SUVA was calculated by dividing UV254 by NPDOC and converting units to L/mg/m. NPDOC was determined to be suitable for
calculating SUVA because purgable organic carbon was assumed to be negligible, as is generally
true according to Standard Methods for the Examination of Water and Wastewater (Baird, Eaton,
& Rice, 2017). Fluorescence spectroscopy was analyzed on a Shimadzu RF-6000
spectrofluorometer with emission and excitation bandwidths set to 10 nm. Excitation wavelengths
ranged from 200 to 400 nm with 5 nm increments, while emission wavelengths ranged from 280
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to 600 nm in 1 nm increments. Intensities for each emission-excitation pair were recorded and
three dimensional EEMs were created from the fluorescence spectra. Fluorescence spectroscopy
was analyzed on a limited number of wells, as specified in Table 4.3.
Table 4.2: Summary of Fluorescence Data Collected for Each Well
Service Area

Northeast

Northwest

Well

Fluorescence

OH2
P5
P6
US
VF
CH1
CH2
GO1
LG
SL1
SL2

✓
✓
✓
✓
✓

✓
✓
✓

Samples were analyzed within 28 days of sample collection and within 48 hours of collection were
filtered through a pre-washed 0.45 μm diameter Millipore nitrocellulose membrane filter to
remove particulate matter prior to analysis. Fluorescence spectra from a blank sample of either
distilled or NERL high purity water was subtracted from each sample’s fluorescence spectra to
reduce interference of Raman scattering. Each fluorescence spectra were then individually
normalized to adjust the intensities to a range of zero to one. EEMs were visually inspected to
obtain qualitative data on the type of organic material most prevalent in each sample by noting
which of the five organic regions as defined by Chen et al. (2003) contain fluorescent peaks.
Fluorescence data was compared to NPDOC and UV-254 data to attain a more complete
understanding of the organic characterization of the samples. Organic data was also compared to
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TTHM and HAA5 formation potential data to demonstrate the effect of organic content on DBP
formation potentials.
Experimental Plan
The objective of this research was to investigate wells in the NERUSA and NWRUSA, evaluate
water quality with a focus on DBPs and organic content, and conceptually identify cost-effective
treatment alternatives to maintain compliance to DBP regulations as the County expands its aged
distribution system. A wide array of raw water quality parameters was evaluated for the wells, but
the primary parameters measured that relate to DBPs include pH, temperature, total sulfide,
bromide, UV-254, NPDOC, and SUVA; basic raw water quality for each well is summarized in
Table 3.2 and additional water quality is included in Table 3.3. Fluorescence spectroscopy for
eight of the wells were used to create EEMs; these wells are specified in Table 4.2. 96-hour
chlorine decay curves and DBP formation potentials for TTHMs and HAA5 were conducted for
each well except for CH2, which was carried out to 120 hours rather than 96. HAA5 formation
potentials were analyzed at 96 hours of incubation at 30°C subject to either standard or elevated
chlorine conditions. There were three disinfection conditions under which TTHM formation
potentials were evaluated:
(1) standard chlorine condition (goal was 0.2 – 1.0 mg/L Cl2 after 96 hours of incubation
at 30°C),
(2) standard chlorine condition at varying well flows (approximately 50%, 75%, 100%,
and 125% of the design flow), and
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(3) standard and elevated chlorine conditions (goal was 3.0 – 4.5 mg/L Cl2 after 96 hours
of incubation at 30°C for the elevated chlorine condition). For the standard chlorine
condition in this scenario, a TTHM formation potential curve was replaced by a 96hour data point.
NERUSA Experimental Plan
The NERUSA study included water quality experiments of five existing wells to provide a
representative sample set of the high-DBP forming wells in the service area. Each well in the
NERUSA (VF, US, OH2, P5, and P6) analyzed for TTHMs was evaluated under condition (3) for
multiple reasons. The NERUSA wells were initially dosed with three chlorine doses in plastic
containers and the ideal dose for average chlorine conditions was selected based on the chlorine
decay curves from the experiments in plastic containers. When NERUSA well samples were
subsequently dosed with the previously determined chlorine dose for average chlorine conditions,
glass containers were used and resulted in surprisingly elevated chlorine conditions and DBP
formations. It was then realized that the initial chlorine dose determination experiment was skewed
to show a higher chlorine demand due to plastic’s chlorine demand. The DBP formation potential
results for elevated chlorine conditions were kept and the experiment was repeated in glass
containers with average chlorine conditions to simulate average-case TTHM formation potentials.
For the repeated experiment with glass containers under condition (3), only 96-hour TTHM
concentrations and chlorine residuals were read, and then TTHM formation potential curves were
projected based on the elevated chlorine condition curves. Subsequently, ranges of TTHM
formation potentials were provided to County for the NERUSA wells. HAA5 formation potentials
were only measured at the elevated chlorine conditions for NERUSA wells because the County is
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more concerned with TTHMs than with HAA5. A summary of TTHM and HAA5 formation
potential conditions that each well was subject to is displayed in Table 4.3.
NWRUSA Experimental Plan
The NWRUSA study involved the investigation of five new wells and one existing well that
together will supply one new WTP and one existing WTP with modifications in progress. In the
NWRUSA, two wells (GO1 and CH2) were analyzed under condition (2) and the remaining four
wells were analyzed under condition (1). Evaluation under condition (2) was not continued for
additional wells because data suggested that various well flows did not impact TTHM formation
potentials. Table 4.3 summarizes the TTHM and HAA5 formation potential conditions that each
well was subject to.
Table 4.3: Summary of DBP Data Collected for Each Well
Elevated Cl2
Conditions

Standard Cl2 Conditions

Northwest

Northeast

Service
Area

Well

OH2
P5
P6
US
VF
CH1
CH2
GO1
LG
SL1
SL2

TTHM
FP curve

96 hr
TTHM
FP

TTHM
FP curve
at
Various
Flows

✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

✓
✓
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96 hr
HAA5
FP
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

TTHM
FP curve

96 hr
HAA5
FP

✓
✓
✓
✓
✓

✓
✓
✓
✓
✓

Laboratory Quality Assurance and Control
Method 1020B from Standard Methods for the Examination of Water and Wastewater was
followed to ensure the quality of the data gathered. When reading free chlorine, one sample for
each dose was duplicated and another sample for each dose was replicated. For example, when the
LG water was originally dosed with three chlorine dosages, three chlorine decay curves were
created by dosing bulk water and filling up 60-mL amber bottles to read after incubating for 0, 4,
24, 48, and 96 hours. For the replicates, the bottles incubated for 48 hours for each dose were read
twice to ensure equipment precision. For the duplicates, two bottles incubated for 96 hours were
read for each dose to ensure technique precision. Laboratory analyses for TTHMs were replicated,
duplicated, and spiked on every fifth sample to ensure instrument and technique precision and
accuracy. Equations 4.1 – 4.5 were used for calculations associated with quality control and quality
assurance. Control level (CL) and warning level (WL) lines were calculated based on the first five
samples both the NERUSA and NWURSA wells, in adherence with Method 1020B from Standard
Methods for the Examination of Water and Wastewater. For other water quality tests, a minimum
of one in every ten samples was replicated, duplicated, and spiked where applicable to ensure
quality.
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RPD =

|sample result−duplicate result|
(sample result+duplicate result)/2

% Recovery =

quantity measured
quantity added

∗ 100

(4.1)
(4.2)

∗ 100

̅ = d2 s
R

(4.3)

̅ ± 3s(R) = D4 R
̅
CL = R

(4.4)

̅ ± 2s(R) = R
̅ ± 2/3(D4 R
̅−R
̅)
WL = R

(4.5)

Where:
̅ = mean range
R
d2 = factor to convert s to the mean range (1.128 for duplicates)
CL = control level
WL = warning level
s(R) = standard deviation of the range, and
D4 = factor to convert the mean range to CL (3.267 for duplicates)
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CHAPTER 5. RESULTS AND DISCUSSION
Each well considered in this research was subject to standard or elevated chlorine conditions and
evaluated for TTHM and HAA5 formation potentials. TTHM and HAA5 formation potentials were
then compared to source water organic composition as measured by UV-254, NPDOC, and
fluorescence EEMs to assess correlations. This chapter includes the results and discussion for the
simulated distribution system analysis, organic analysis, and quality control.
Current System Conditions
The NERUSA and NWRUSA are currently compliant with the D/DBP Rules, as shown by
representative data in Table 5.1 from Polk County’s 2018 Annual Water Quality Reports (Polk
County Utilities, Northeast Annual Water Quality Report, 2018) (Polk County Utilities, Northwest
Annual Water Quality Report, 2018). Free chlorine RAAs were 1.8 and 2.4 mg/L for the NERUSA
and NWRUSA, respectively, thus meeting the MRDL of 4.0 mg/L. The TTHM MCL of 80 µg/L
was also met at in both the NERUSA and NWRUSA with LRAAs of 76 and 63 µg/L, respectively.
Both systems also had LRAAs below the HAA5 MCL of 60 µg/L; the NERUSA LRAA was 49
and the NWRUSA LRAA was 37 in 2018. The upper ranges of quarterly results for both TTHMs
and HAA5 in the NERUSA were above the MCLs, but the system maintains compliance because
regulations are based on a running annual average.
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Table 5.1: Representative (Recent) DBP Compliance Results
Free Chlorine (mg/L)

TTHM (µg/L)

HAA5 (µg/L)

Service Area
Range

RAA

Range

LRAA

Range

LRAA

NERUSA
1.8
21 – 100
76
49
0.2 – 3.6
9.2 – 57
NWRUSA
2.4
0.6 – 68
63
37
0.2 – 3.6
23 – 41
Values in this table are from (Polk County Utilities, Northeast Annual Water
Quality Report, 2018) and (Polk County Utilities, Northwest Annual Water Quality
Report, 2018).
Simulated Distribution System Analysis
Conceptual distribution system conditions were simulated by monitoring free chlorine decay and
TTHM and HAA5 formation potentials for each well investigated in this study. There were three
conditions simulated: (1) standard chlorine condition (goal was 0.2 – 1.0 mg/L Cl2 after 96 hours
of incubation at 30°C), (2) standard chlorine condition at varying well flows (approximately 50%,
75%, 100%, and 125% of the design flow), and (3) standard and elevated chlorine conditions (goal
was 3.0 – 4.5 mg/L Cl2 after 96 hours of incubation at 30°C for the elevated chlorine condition).
Conditions applied to each well are specified in Table 4.3. Results for chlorine decay, TTHM
formation, and HAA5 formation pertaining to each of the three conditions are included in this
section.
Free Chlorine Monitoring
Each of the 11 wells were subject to standard chlorine conditions. For the NERUSA, 96-hour
chlorine residuals were recorded for the wells at standard chlorine condition, whereas chlorine
decay curves were created for NWRUSA wells subject to standard chlorine condition. A 96-hour
chlorine residual between 0.2 and 1.0 mg/L was achieved for eight of the 11 wells – residuals for
Oak Hills Well 2 (OH2) and Van Fleet Well (VF) dropped below 0.2 mg/L prior to 96 hours of
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incubation, and Cherry Hill Well 2 (CH2) held a free chlorine residual of 1.0 after 120 hours and
a projected residual above 1.0 at 96 hours. Results of chlorine decay testing at standard conditions
are presented in Figure 5.1. Chlorine decay for CH2 and Gibson Oaks Well 1 (GO1) at standard
chlorine conditions was monitored at various percentages of the design flow. Results, as shown in
Figure 5.2, suggest that flow has minimal influence on chlorine consumption for the wells studied.
An elevated chlorine condition was characterized by a 96-hour free chlorine residual between 3.0
and 4.5 mg/L, and was achieved for each of the NWRUSA wells, as shown in Figure 5.3.

Figure 5.1: Chlorine Decay at Standard Chlorine Conditions
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Figure 5.2: Chlorine Decay at Standard Chlorine Conditions and Various Flows

Figure 5.3: Chlorine Decay at Elevated Chlorine Conditions
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TTHM Formation Potential Analysis
TTHM formation potential curves were created for standard chlorine conditions, various well
flows at standard chlorine conditions, and elevated chlorine conditions. Each of the wells surpassed
the MCL of 80 µg/L after 96 hours of incubation at both standard and elevated chlorine conditions.
At standard chlorine conditions, OH2, VF, and P6 formed over 200 µg/L of TTHMs, whereas
GO1, P5, and US formed between 145 and 165 µg/L of TTHMs, and the remaining wells formed
between 85 and 125 µg/L of TTHMs. In general, data suggests that NERUSA wells have greater
TTHM formation potentials then NWURSA wells – 96-hour TTHM concentrations ranged from
approximately 150 to 250 µg/L for NERUSA wells and 85 to 150 µg/L for NWRUSA wells.
TTHM formation potential curves are displayed in Figure 5.4 and correspond to the chlorine decay
data in Figure 5.1.

Figure 5.4: TTHM Formation Potentials at Standard Chlorine Conditions
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TTHM formation potentials for CH2 and GO1 at various percentages of the design flow are
presented in Figure 5.5 and correspond to chlorine decay data in Figure 5.2. Various flows yielded
differences in TTHM concentrations of less than 9 µg/L and were deemed insignificant, hence
TTHM formation potential testing at various flows was not conducted for additional wells; it
appeared that well pumping rate did not impact TTHM formation potential. Ranges of TTHM
formation potentials in Figure 5.6 were developed by graphing formation curves for standard and
elevated chlorine conditions on one graph per each NERUSA well; chlorine doses and 96-hour
chlorine residuals are included on each graph.

Figure 5.5: TTHM Formation Potentials at Standard Chlorine Conditions and Various Flows
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Figure 5.6: TTHM Formation Potential Ranges for Standard and Elevated Chlorine Conditions
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Of the four species that comprise TTHMs, chloroform was found to be the primary constituent of
the formation potential. Figure 5.7 shows averages of the relative percentages of THM species for
96 and 120-hour TTHM concentrations for standard and elevated chlorine conditions. Laboratory
methods utilized for TTHM analysis accurately reflect concentrations up to 200 µg/L for each
species of THM (chloroform, bromodichloromethane, dibromochloromethane, and bromoform).
TTHM concentrations in this research that exceeded 200 µg/L of chloroform were projected using
a projected standard curve.

Figure 5.7: Average TTHM Speciation Breakdown for 96 and 120-hour Samples
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HAA5 Formation Potential Analysis
HAA5 formation potentials were measured after either 96 or 120 hours of incubation at 30°C under
standard chlorine and elevated conditions for the NWRUSA and NERUSA wells, respectively. At
standard chlorine conditions, the NWRUSA wells do not exceed the MCL of 60 µg/L, but four of
the five NERUSA wells at elevated chlorine conditions do exceed the MCL. Nevertheless, the
HAA5 formation potentials measured for NERUSA wells for this research simulated “worst-case”
conditions and may not provide current representation of HAA5 in the NERUSA. The high
chlorine dose, long detention times, and elevated temperatures lead to increased formation. As
presented in Table 5.1, the HAA5 LRAAs represented in the NERUSA and NWRUSA were 49
and 37, respectively, representing compliant systems.
Table 5.2: HAA5 Formation Potentials
Incubation
Time (hrs)

OH2
P5
P6
US
VF
CH1
CH2
GO1
LG
SL1
SL2

96
96
96
96
96
96
120
96
96
96
96

Chlorine
Condition

Elevated

Well

Standard

Northwest

Northeast

Service
Area
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Free Chlorine
Residual (mg/L)
4.4
3.2
4.1
3.1
3.2
0.94
1.0
0.35
0.53
0.28
0.44

HAA5
Concentration
(µg/L)
126
85.6
85.2
54.1
94.1
32.7
30.0
54.6
40.6
37.2
29.9

As with TTHMs, HAA5 formation potentials do not appear to be affected by well pumping rate
for the sample set tested. HAA5 was measured for GO1 after 96 hours of incubation at 30°C under
standard chlorine conditions for four different well flow rates; this data is summarized in Table
5.3.
Table 5.3: HAA5 Formation Potentials at Standard Chlorine Conditions and Various Flows
Well

GO1

Percentage
Incubation Free Chlorine
of Design
Time (hrs) Residual (mg/L)
Flow (%)
50
96
0.37
96
75
0.37
96
100
0.35
96
125
0.32

HAA5
Concentration
(µg/L)
54.1
63.0
54.6
54.6

Organic Composition Results and Correlations
96-hour DBP formation potentials were compared to NPDOC concentrations, UV-254
absorbances, and SUVA values. A scatterplot of NPDOC vs UV-254 for the wells analyzed in this
research shows a linear correlation with an R2 value of 0.88, as displayed in Figure 5.8. Although
NPDOC and UV-254 appear to be linearly correlated, their level of correlation to TTHM and
HAA5 formation potentials vary. Overall, UV-254 shows a stronger correlation than NPDOC to
TTHM and HAA5 formation potentials, and both UV-254 and NPDOC show stronger correlations
to HAA5 formation potentials than to TTHM formation potentials. SUVA values do not show
correlation to either TTHM or HAA5 formation potentials. CH2 data was not considered for
organic composition analysis because TTHMs and HAA5 was measured at 120 hours instead of
96 hours for that well.
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Figure 5.8: NPDOC vs. UV-254

Dissolved Organic Carbon Analysis
Plotting 96-hour TTHM and HAA5 concentrations against NPDOC concentrations yielded linear
regressions with R2 values of 0.39 and 0.68, respectively. Since NPDOC is an indicator of the
quantity of dissolved organic matter in source water, positive correlations between DBP formation
and NPDOC concentrations observed in agreement with others (Ates, Kitis, & Yetis, 2007) (Golea,
et al., 2017). The relatively low R2 value for TTHM concentration vs. NPDOC could be attributed
to the chlorine residuals ranging from <0.10 to 0.94 mg/L; a narrower range of 96-hour chlorine
residuals and additional sample points may increase the correlation.
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Figure 5.9: 96-hour TTHM Concentration vs. NPDOC

Figure 5.10: 96-hour HAA5 Concentration vs. NPDOC
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Ultraviolet Absorbance Analysis
UV-254 absorbance shows greater correlation than NPDOC to TTHM and HAA5 formation
potential for the waters investigated in this research. Figure 5.11 shows a linear relationship with
an R2 value of 0.66 for 96-hour TTHM concentration vs. UV-254 absorbance and Figure 5.12
indicates an R2 value of 0.95 for a linear relationship between 96-hour HAA5 concentration and
UV-254 absorbance.

Figure 5.11: 96-hour TTHM Concentration vs. UV-254
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Figure 5.12: 96-hour HAA5 Concentration vs. UV-254

Specific Ultraviolet Absorbance Analysis
There is no apparent correlation observed between SUVA and TTHM or HAA5 formation
potential for the waters investigated in this research. Figure 5.13 shows an R2 value of 0.31 for 96hour TTHM concentration vs. SUVA, while Figure 5.14 shows an R2 value of 0.21 for 96-hour
HAA5 concentration vs. SUVA.
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Figure 5.13: 96-hour TTHM Concentration vs. SUVA

Figure 5.14: 96-hour HAA5 Concentration vs. SUVA

42

Fluorescence Spectroscopy Analysis
Upon arrival to UCF, samples were stored at 4°C and samples contained in 1-L glass amber bottles
were filtered within 48 hours and analyzed within 28 days. SL1 was analyzed within 24 hours,
SL2 and LG were analyzed within 11 days, and the remaining wells were analyzed within 28 days.
Fluorescence spectroscopy EEMs are presented in Figure 5.15. The location of fluorescence peaks
suggest that the organic content of the samples are, in descending order, mostly humic acid-like,
fulvic acid-like, and aromatic proteins; this was expected, as literature suggests that humic and
fulvic acid-like organic matter are the primary fractions of NOM that act as DBP precursors, and
humic acids are generally a higher contributor to DBP formation than fulvic acids due to a higher
aromatic carbon content (Reckhow, Singer, & Malcolm, 1990). Visual inspection of the EEM
peaks do not show trends with NPDOC, UV-254, SUVA, TTHMs, or HAA5. VF and OH2 have
higher organic content than the other wells analyzed for fluorescence (2.4 – 2.7 mg/L NPDOC and
0.081 – 0.099 cm-1 UV-254 absorbance) yet EEMs appear comparable to other wells’ EEMs. VF,
OH2, and P6 form over 200 μg/L TTHMs with standard chlorine conditions while other wells form
less than 165 μg/L, yet those EEMs also appear comparable to other EEMs. Correlation may be
observed if quantitative analysis of fluorescence spectroscopy data is performed, but was outside
the scope of this research. Prior to quantitative analysis of fluorescence data, IFE should be
addressed by diluting samples. Four of the eight samples analyzed with fluorescence spectroscopy
had UV-254 values greater than 0.05 cm-1 and did not pose an interference for qualitative analysis,
but may cause IFEs when quantifying organic content.
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Figure 5.15: Example Fluorescence Spectroscopy EEMs
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Quality Control Results
Precision control charts were created for UV-254, TTHMs, and free chlorine and are displayed in
Figure 5.16, Figure 5.17, and Figure 5.18. Values above the warning and control limits in the
precision charts were due to either small values close to detection limits or due to known factors
and the value was discarded. The three duplicates with RPDs above the control limit in the free
chlorine precision control charts correspond to low free chlorine residuals (less than 0.40 mg/L).
Smaller differences between duplicates with low values lead to larger RPD values when compared
to duplicates with higher free chlorine residuals. Thus, the data sets used were deemed suitable for
this research. There were not enough spiked samples to create an accuracy control chart for
TTHMs or NPDOC, but results were deemed acceptable based on percent recovery calculations
(goal is 80 – 120%). HAA5 results from field duplicate samples sent to Advanced Environmental
Laboratories, Inc. (Altamonte Springs, FL) also had acceptable RPD values but control charts were
not created due to lack of sufficient data. For other water quality tests, a minimum of one in every
ten samples was replicated, duplicated, and spiked where applicable to ensure quality; results met
acceptable standards (<10% RPD and 80 – 120% recovery).
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Figure 5.16: Precision Control Chart for UV-254

Figure 5.17: Precision Control Chart for TTHMs
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Figure 5.18: Precision Control Chart for Free Chlorine
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CHAPTER 6. ALTERNATIVE TREATMENT AND CONCEPTUAL
COSTS
Treatment costs are highly dependent on technological approach, and there are several methods
that can be used to control organics in water supplies. Four methods of DBP control include: (1)
precursor removal, (2) use of alternative disinfectants, (3) removal of DBPs after formation, and
(4) protection of source water quality (Ferguson, Gramith, & McGuire, 1991). In this chapter,
methods (1) – (3) are explored by screening treatment options from identified proven DBP control
methods and creating a short-list of treatment alternatives most applicable to Polk County’s
Northeast and Northwest Regional Utility Service Areas. Pilot-scale and full-scale conceptual cost
estimations are then provided for each of the short-listed treatment alternatives. The alternative
treatment methods discussed herein do not represent a complete technology evaluation, but rather
focus on methods of interest to Polk County Utilities.
Alternative Treatments for DBP Control
Alternative treatment technologies for DBP control are available for upgrading existing or
designing new WTPs in NERUSA and NWRUSA are listed in Table 6.1 and described herein.
Treatment alternatives that do not conform with treatment goals for the NERUSA and NWRUSA
were eliminated from further consideration. Those alternatives eliminated include powdered
activated carbon (PAC), anion exchange, chlorine dioxide oxidation, chloramine disinfection, and
granular activated carbon (GAC) for posttreatment. Reasons for eliminations are explained in the
succeeding sections.
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Table 6.1: Alternative Treatment Technologies Considered for Preliminary Screening
DBP
Control
Method
Precursor
Removal

Alternative
Disinfectants
DBP
Removal

Treatment Technology
PAC
GAC for Pretreatment – Adsorption or
Biological Mode
Anion Exchange
Nanofiltration (Membrane Softening)
Ozone Oxidation
Chlorine Dioxide Oxidation
Combined Chlorine Disinfection
Aeration
GAC for Posttreatment

Eliminated
from Further
Consideration?
✓

✓

✓
✓
✓

Precursor Removal
Methods for DBP precursor removal include PAC, GAC in adsorption or biological mode for
pretreatment, anion exchange, and nanofiltration (membrane softening).
Powdered Activated Carbon
Activated carbon processes include PAC and GAC. Both PAC and GAC have been shown to
remove NOM from water, but literature cites GAC as one of the best available technologies for
NOM removal (Bhatnagar & Sillanpaa, 2017). When PAC is added to water, it must be removed
by a solid-liquid separation process not commonly used in groundwater treatment processes. For
that reason, PAC is generally more applicable to surface water or wastewater treatment and is thus
removed from consideration for the short-list.
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GAC for Pretreatment – Adsorption or Biological Mode
GAC is a common method of water treatment to remove contaminants via adsorption. One of its
uses is removal of organic DBP precursors. The USEPA’s Stage 2 D/DBP Rule cites GAC as an
effective technology for reducing DBP concentrations by removing precursors based on bench and
pilot-scale studies required by the Information Collection Rule (USEPA, 2006). GAC adsorption
has been identified by the USEPA for meeting TTHM and HAA5 requirements via precursor
removal, with either empty bed contact times of 10 or 20 minutes for carbon reactivation every
120 or 240 days, respectively. USEPA mentions that small systems would not see economic
benefit from reactivating carbon on-site thus would instead find it advantageous to use larger GAC
units with 20-minute empty bed contact times for less frequent carbon replacement (USEPA,
2006).
One disadvantage of GAC is that it does not remove bromide; this leads to increased bromide-toTOC ratios in the GAC effluent that can favor brominated DBP formation after chlorination
(Jacangelo, DeMarco, Owen, & Randtke, 1995). However, bromide was either low or not detected
in Polk County’s source waters investigated in this research, so brominated DBP formation is
expected to remain low.
Another disadvantage is carbon replacement, which is generally necessary every eight months as
cited by the USEPA’s Stage 2 D/DBP Rule (2006), or as frequent as every three to six months
depending on source water quality (Singer, 1994). However, operating GAC units in biological
mode can decrease carbon replacement frequency
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GAC operated in biological mode is sometimes referred to as biologically activated carbon (BAC).
BAC is a form of biofiltration that can remove a fraction of DBP precursors, bromate, and some
halogenated DBPs (Liu, et al., 2017). Operating GAC units in biological mode as biologically
activated carbon (BAC) may provide benefits by extending the useful life of the carbon and
lowering carbon reactivation and replacement costs. In BAC, a biofilm of microbial communities
attaches to GAC. As microorganisms in the biofilm degrade adsorbed contaminants, the GAC life
is extended. The microorganisms work to degrade organic contaminants via biodegradation for a
median THM reduction of 21% based on 43 case studies (Liu, et al., 2017). Operating parameters
including media type, empty bed contact time, backwash frequency, temperature, and nutrient
condition can be optimized for DBP control (Liu, et al., 2017). Additional research is needed to
gain complete understanding of and optimize BAC processes, but it shows promise for DBP
control (Liu, et al., 2017).
Anion Exchange
Anion exchange is a treatment technology that can be used to remove negatively charged dissolved
solutes in water such as organic carbon and sulfides, but resin can foul if used for sulfide removal
due to growth of sulfur-related bacteria (Duranceau, Trupiano, Lowenstine, Whidden, & Hopp,
2010). Since the total sulfide of the NERUSA and NWRUSA waters studied for this research range
from <0.01 to 0.30 mg/L, aeration is sufficient for sulfide removal according to Florida
Administrative Code 62-555.315(5)(a) (FDEP, 2003).
Anion exchange can also be achieved with magnetic ion exchange resin (MIEX), which is a strong
base anion exchange resin with magnetic iron oxide incorporated into the resin matrix. MIEX can
be used to remove DOC, UV-absorbing substances, and bromide. It is also sometimes used to
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reduce coagulant demand for water treatment plants that utilize coagulation in the treatment
process (Boyer & Singer, 2006). One disadvantage to MIEX is that the resin can carry-over to
downstream treatment processes and thus require a solid-liquid separation process, such as
coagulation or flocculation (Boyer & Singer, 2006). Since coagulation is not commonly practiced
for groundwaters such as those investigated in this research in Polk County, MIEX is not a practical
treatment alternative for Polk County. Data also suggests that MIEX and other forms of anion
exchange are more applicable to waters with higher organic content. DOC values for Boyer’s study
ranged from 5.0 to 7.2 mg/L and UV-254 ranged from 0.14 to 0.32 cm-1 for the influent; the MIEX
pilot plant removed approximately 65% and 70% of the DOC and UV-254, respectively. Effluent
DOC and UV-254 concentrations in Boyer’s study are comparable to influent concentrations for
the NERUSA and NWRUSA waters analyzed in this research, suggesting that organic content of
the waters studied in NERUSA and NWRUSA is low enough that MIEX is not necessary.
Crittenden et al. points out that considerable reduction of total organic carbon can be achieved
when treating waters with anion exchange; however, resin regeneration requires saturated salt
solutions that can be difficult to dispose and impacts salts into the environment (Crittenden,
Trussell, Hand, Howe, & Tchbanoglous, 2005). Thus, anion exchange is removed from further
consideration.
Membrane Softening (Nanofiltration)
Membrane softening processes are capable of effective THM control and can be considered for
primary treatment of some waters with high organic content (Taylor, Thompson, & Carswell,
1987). There are four types of pressure-driven membranes used in water treatment. In order of
increasing rejection capabilities, the membranes types are: microfiltration, ultrafiltration,
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nanofiltration, and reverse osmosis. Microfiltration and ultrafiltration membranes do not remove
dissolved organic matter like their counterparts, nanofiltration and reverse osmosis membranes
(Crittenden, Trussell, Hand, Howe, & Tchbanoglous, 2005). In a study with two Florida
groundwaters with high TTHM formation potentials, membranes with molecular weight cutoffs of
400 or less controlled TTHM formation potentials under normal operating conditions; this
corresponds to a nanofiltration membrane (Taylor, Thompson, & Carswell, 1987). The Florida
groundwaters used in Taylor’s study was highly organic, with DOC values approximately 15.0
and 14.7 mg/L for the raw water. NERUSA and NWRUSA groundwaters studied in this research
had NPDOC values ranging from 0.68 to 2.7 mg/L. Costs for TTHM formation potential control
in Taylor’s study suggested that membrane processes are economically feasible for organic
precursor removal, but organic precursor removal via membranes may not be necessary for the
comparatively low organic content of Polk County’s Northeast and Northwest Utility Service
Areas. Results from the Information Collection Rule treatment study demonstrate that
nanofiltration is a best available technology in terms of treatment capabilities and cost
effectiveness for DBP control when applied to groundwater sources containing greater than 6 mg/L
TOC. Groundwaters with TOC below approximately 6 mg/L were shown to achieve sufficient
DBP control at a cost-effective rate with GAC (USEPA, 2006).
Nevertheless, split-feed nanofiltration membrane softening should be considered by Polk County
for DBP control due high replacement costs of GAC when compared to membranes and proven
effectiveness of organics removal. Benefits of nanofiltration over GAC include simplicity of
operation, development of higher flux membranes with low fouling potentials, and lower
membrane costs (Uyak, Koyuncu, Oktem, Cakmakci, & Toroz, 2008). When compared to
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conventional treatment of small systems less than 5 MGD, membrane costs are reportedly
comparable or lower (Amy, Alleman, & Cluff, 1990) (Wiesner, Hackney, Sethi, Jacangelo, &
Laine, 1994).
In split-feed membranes, pressurized feed water is fed on both sides of a train and concentrate is
collected in the middle while permeate is collected on the ends of membranes. Alternatively,
pressurized water could be fed in the center for concentrate collection on the ends and permeate
collection in the center, but the former is a more typical configuration. This provides a more
optimal hydraulic system with increased membrane productivity and flux.
Utilizing membranes for organic removal is dependent on many factors such as operating
variables, membrane-solute interactions, and membrane properties. Relevant membrane properties
include hydrophobicity, charge, pore size, fouling potential, temperature resistance, retention
properties, and permeability (Uyak, Koyuncu, Oktem, Cakmakci, & Toroz, 2008). Bench-scale
and pilot-scale studies should be conducted to determine the ideal membrane configuration for
Polk County.
Membranes can also be used for sulfide removal, but it involves higher costs than for some other
uses of membranes due to the necessity of chlorine-tolerant membranes if sulfur turbidity is to be
formed via chlorination prior to membrane filtration (Duranceau, Trupiano, Lowenstine, Whidden,
& Hopp, 2010). Although sulfide removal can lower chlorine demand, thereby lowering DBP
formation, sulfide levels recorded for the NERUSA and NWRUSA wells investigated for this
research suggest that sulfide removal via aeration is a more cost-effective method that may provide
sufficient sulfide removal. Thus, the use of membranes for total sulfide reduction is not further
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considered. Membrane softening for organic precursor removal is a viable treatment technology
because it has proven effectiveness for organic removal and may be more cost effective than GAC
or BAC for pretreatment depending on cost and frequency of carbon replacement and membrane
specifications.
Alternative Disinfectants
Alternative disinfectants including ozone, chlorine dioxide, and combined chlorine can be used to
minimize formation of TTHMs and HAA5. Each alternative disinfectant is discussed in this
section and a comparison of the listed alternative disinfectants to free chlorine is summarized in
Table 6.2.
Ozone Oxidation
USEPA includes ozone as a technology to be considered for use in small systems for compliance
to the D/DBP Rules (USEPA, 2006). Ozone is a highly reactive gas typically formed by electrical
discharge in the presence of air or pure oxygen. Ozone has the lowest CT values of the oxidants
and disinfectants used in water treatment and is therefore the most effective, especially as a primary
disinfectant (Singer, 1994). There are two main categories of reactions of ozone in water: direct
ozonation and free radical ozonation. Direct ozonation reactions are selective and relatively slow,
while free radical ozonation is a less selective and powerful advanced oxidation process. Examples
of advanced oxidation processes involving ozone include hydrogen peroxide-ozone, UV-ozone,
and elevated pH-ozone. Regardless of the type of ozone oxidation utilized, a persistent secondary
disinfectant such as chlorine must be used in conjunction with ozone to meet free chlorine residual
regulations enforced by the USEPA (Singer, 1994).
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Ozone can be used for DBP control, removal of certain organic and inorganic compounds,
disinfection, and coagulation, but is more effective for DBP control when used as an alternative
oxidant to chlorine rather than for precursor removal (Ferguson, Gramith, & McGuire, 1991). In a
study with seven utilities, it was shown that preozonation can lower TTHMFP by about 10% at
ozone dosages typical for water treatment; this was largely due to the addition of chlorine later in
the treatment train rather than removal of organic precursors (Chang & Singer, 1991). The study
showed that preozonation has a nearly negligible impact on TOC concentrations of raw water, but
it alters organic content such that the UV absorbance of the water is reduced (Chang & Singer,
1991).
Lamoureux’s pilot-scale experiments in 2013 showed reduction of UV-absorbance by 35 to 60%
with ozonation, thus supporting Chang’s and Singer’s findings (Lamoureux, 2013). Lamoureaux’s
experiments were conducted using Central Floridan groundwater from Sanford, Florida with total
sulfide concentrations ranging from 0.02 to 2.35 mg/L; results showed complete removal of total
sulfide with ozone oxidation (Lamoureux, 2013). The ability of ozone to completely oxidize
sulfide to sulfate with minimal to no elemental sulfur turbidity formation is especially relevant to
utilities relying on Central Floridan groundwater who may benefit from preozonation. Bench-scale
and pilot-scale testing of various methods of ozone oxidation should be conducted for Polk
County’s consideration.
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Table 6.2: Alternative Disinfectants Characteristics
Issue
Effectiveness in
disinfection of:
Bacteria
Viruses
Protozoa
Endospores
Frequency of use as
primary disinfectant
Regulatory limit on
residuals
Formation of chemical
byproducts:
Regulated
byproducts
Byproducts that
may be regulated
in the future
Typical application
Dose, mg/L
Dose, lb/MG
Typical chemical
source

Disinfectant
Chlorine
Combined
Dioxide
Chlorine

Free
Chlorine

Excellent
Excellent
Good
Excellent
Common

Excellent
Excellent
Good
Fair
Occasional

Good
Fair
Poor
Poor
Common

Excellent
Excellent
Fair to poor
Good to Poor
Most common

N/A

0.8 mg/L

4 mg/L

4 mg/L

Bromate

Chlorite

Traces of THMs
and HAAs

Forms THMs
and HAAs

Biodegradable
organic carbon

Chlorate

Cyanogen
halides, NDMA

Several

Ozone

1-5
8-42
Manufactured
onsite using
dry air or pure
oxygen.
Added in
specially
engineered
contactors.

0.2-1.5
2-6
1-6
2-13
17-50
8-50
Manufactured Same sources for Liquid gas,
onsite with
chlorine;
liquid bleach,
chlorine and
ammonia is
or onsite
chlorite.
delivered.
generation.
Typical contactor
Either added
Either added at
Either added
at the
the beginning of
at the
beginning of
the plant or using beginning of
the plant or
engineered
the plant or
using
contactors.
using
engineered
engineered
contactors.
contactors.
Adapted from Table 13-1 of (Crittenden, Trussell, Hand, Howe, & Tchbanoglous, 2005).
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Chlorine Dioxide Oxidation
Due to its relatively low CT values and its effectiveness as an oxidant for iron, manganese, and
taste and odor control, chlorine dioxide is an effective disinfectant (Singer, 1994). . However,
chlorite is a regulated byproduct formed from chlorine dioxide disinfection and must be controlled
(Singer, 1994). Chlorine dioxide does not produce significant amounts of halogenated DBPs such
as THMs or HAAs, and as such is an attractive option for utilities that require surface water intake
pretreatment for algae control. Since it is difficult to maintain a chlorine dioxide residual due to its
volatile nature, chlorine dioxide is sometimes used as a preoxidant to chlorine; monitoring and
adjusting the ratio of chlorine dioxide to chlorine in a treatment system can be used to control
formation of DBPs such as chlorite (Wenhui, Huang, Yang, Peng, & Chen, 2016). A notable
downside of chlorine dioxide is its use has been linked to suspected damage to home and utility
infrastructure by deteriorating materials, including polyethylene (Yu, et al., 2011) (Reddad,
Benesse, Helmer, Bonnard, & Rabaud, 2014). Chlorine dioxide is eliminated from further
consideration due to difficulty in maintaining a residual and its potential to deteriorate
infrastructure. Additionally, Polk County uses ozone for oxidation at a WTP in another service
area and would prefer ozone oxidation over chlorine dioxide oxidation as an alternative
disinfectant due to familiarity of operation.
Combined Chlorine Disinfection
Combined chlorine disinfection refers to chlorine combined with ammonia to form chloramines
(Crittenden, Trussell, Hand, Howe, & Tchbanoglous, 2005). Chloramine, specifically
monochloramine, is an alternative disinfectant sometimes used by utilities concerned about
maintaining TTHM and HAA5 compliance (Singer, 1994). Due to its persistence and ability to
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maintain a stable disinfectant residual in distribution systems, monochloramine is an attractive
secondary disinfectant (Singer, 1994). However, it is a poor oxidant and primary disinfectant
because of higher CT values than chlorine, chlorine dioxide, and ozone. Chloramine is eliminated
from further consideration in accordance with Polk County’s direction.
DBP Removal
GAC for Posttreatment
GAC is commonly used to remove contaminants from nondisinfected water via adsorption, but its
use has recently been extended to use on disinfected water. The USEPA states that GAC is not
cost-effective for DBP removal, but bench-scale study utilizing rapid small-scale column testing
showed that intermediate DBPs can be removed by GAC (USEPA, 2006) (Jiang, Zhang, Zhu, &
Li, 2017). The aromatic halogenated DBPs initially formed after chlorination are the intermediate
DBPs that decompose and form regulated DBPs including THMs and HAAs. The study showed
greater removal of total organic halogens and reduction of TTHM and HAA5 formation potentials
for GAC use with chlorinated water than with raw, unchlorinated water. Further research is
required for GAC use on chlorinated waters. GAC is removed from consideration as a
posttreatment alternative because Polk County is mainly concerned with TTHMs, and other
technologies such as aeration are more cost-effective for TTHM removal.
Aeration
Aeration uses the liquid-gas concentration gradient as means for the mass transport of volatile
compounds such as H2S and THMs from the liquid to the gas phase. Tray, spray, and packed tower
aeration are three aeration methods used for either H2S or THM removal for drinking water
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treatment. Numerous small WTPs in Central Florida, including WTPs in Polk County fed by the
wells investigated for this research, utilize cascade tray aerators above their ground storage tanks
for removal of H2S. Studies have shown that traditional cascade tray aerators remove about 20%
of H2S from water at ambient pH levels (Thompson, Kelkar, & Vickers, 1995). For small systems
primarily concerned with TTHM compliance, utilizing existing tray aerators or installing tray or
spray aerators for TTHM volatilization is an attractive, cost-effective option for TTHM reduction;
aeration is particularly effective for chloroform removal due to its high Henry’s law constant. Since
Polk County’s NERUSA and NWRUSA have high chloroform-forming source water, aeration
with recirculation may be an ideal treatment technology.
Yoakum and Duranceau demonstrated the effectiveness of multi-pass tray aeration for over 55
μg/L of TTHM removal at pilot scale after five passes through the tray aerator and approximately
40 μg/L of TTHM reduction at full-scale for Babson Park WTP in Polk County, Florida (Yoakum
& Duranceau, 2018). Duranceau and Smith’s experiments with water from Babson Park WTP
showed approximately 45% and 54% removal of TTHMs with bench-scale straight-line flow spray
aeration and full-cone spiral spray aeration, respectively (Duranceau & Smith, 2016). The percent
removal of TTHMs using aeration depends on factors including temperature, initial chlorine
residual, and initial TTHM concentration (Duranceau & Smith, 2016). TTHMs were shown to reform after spray aeration at the same rate as before aeration (Duranceau & Smith, 2016). In other
words, TTHMs can be removed significantly by aeration, but TTHMs will continue to form as
organic matter reacts with chlorine in the water. Aeration may be sufficient for some systems to
maintain compliance to regulations, but water purveyors should study the effectiveness of the tray
and spray aeration, with and without recirculation, for their system.
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Spray and other aeration types are treatment technologies are commonly used for TTHM reduction
due to their simplicity, but packed tower aeration may be ideal for some systems due to its
increased effectiveness at TTHM removal (Brooke & Collins, 2011). Packed tower aeration is a
counter-current water-air process that utilizes plastic packing materials to increase removal
efficiencies of volatile compounds (Duranceau, Trupiano, Lowenstine, Whidden, & Hopp, 2010).
Umphres et al. states that packed tower aeration provides a higher degree of TTHM removal than
tray aeration and may be more cost effective for DBP control than technologies such as GAC
(Umphres, Tate, Kavanaugh, & Trussell, 1983). It would be beneficial for Polk County to consider
packed tower aeration as well as tray and spray aeration with recirculation as treatment alternatives
for maintaining compliance to DBP regulations.

Short-List Technology Evaluation
DBP control methods short-listed as viable alternative treatment technologies are listed in Table
6.3 and advantages and disadvantages of each are presented in Table 6.4. The short-listed DBP
removal option, aeration, refers to recirculating tray and spray aeration and packed tower aeration
Table 6.3: Short-list of Viable Alternative Treatment Technologies
DBP Control Method
Precursor Removal
Alternative Disinfectants
DBP Removal

Treatment Technology
GAC for Pretreatment – Adsorption or
Biological Mode
Membrane Softening (Nanofiltration)
Ozone Oxidation
Aeration
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Table 6.4: Advantages and Disadvantages of Treatment Technology Alternatives
Treatment
Technology
Alternative

Advantages

•
•
Membrane
•
Softening
•
(Nanofiltration) •

GAC for
Pretreatment

•
•
•
•
•
•
•
•
•

Ozone
Oxidation

Aeration

•
•
•
•
•
•
•
•
•
•
•

Disadvantages

Reduces chlorine demand
Conditions and softens water
Removes DBP precursors
Removes bacteria and viruses
Removes inorganics and
radionuclides
Longer lifespan than GAC
Reduces color content
Removes organic compounds
Reduces taste and odor
Reduces DBP precursors
Reduces turbidity
Option of operating in
biological mode
Reduces chlorine demand
Strong oxidant and
disinfectant
Effective taste and odor control
Effective for color removal
Reduces potential for turbidity
No waste by-product stream
Mainly enclosed operations
May reduce DBP formation
Removes volatile
contaminants, including some
DBPs and H2S
Reduces chlorine demand
Reduces taste and odor
occurrences
Tray and spray: low cost and
maintenance
Packed tower: greater than
95% H2S removal
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• Aeration still required due to no
sulfide removal
• Concentrate disposal required
• Post-treatment required
• Subject to fouling
• Reduced finished water alkalinity
•
•
•
•

Backwash sludge disposal
Permanganate storage
Pink water formation
Bench-scale testing recommended

•
•
•
•
•
•
•
•

Off-gas destruction required
Unstable at elevated pH levels
May produce ozone by-products
Increased costs for high sulfide
Increases dissolved oxygen content
Can induce air binding in filters
Sophisticated process operations
Post-filtration may be needed

• Increases dissolved oxygen in water
• Spray: produces a waste stream of
moist air and nozzle may plug and
require maintenance
• Tray: requires cleaning
• Packed tower: odor control system
required, increased operating noise
level, packed media requires
cleaning, chemical addition required,
and waste stream produced

Cost Considerations
Conceptual cost estimates are important in public utility deliberations and planning activities.
Conceptual opinions of probable capital costs for pilot units for each short-listed treatment
alternative is provided in this section to further evaluate each alternative. Conceptual opinions of
probable process capital and annual operating costs are also included for full-scale units for each
short-listed treatment alternative. In this document, alternative treatment conceptual costs refer to
the capital costs and annual operations and maintenance costs presented as cost per volume of
water treated for the short-listed treatment technologies and approximate system capacities.
Conceptual Pilot Costs
Pilot plants are helpful in quantifying the effectiveness of various treatment technology
alternatives for a specific water system. Included in Table 6.5 are opinions of probable cost of the
installation and use of pilot plants for GAC, ozone oxidation, tray and spray aeration, and packed
tower aeration. The GAC pilot could be used for monitoring GAC in both adsorption and biological
modes; hence, the total probable cost for a GAC pilot applies to pilot testing of both operating
modes. The opinions of probable costs presented herein are based on information from various
vendors and should be only used for comparing costs of bench and/or pilot-scale testing of various
water treatment processes as they are not based on formal design plans and drawings and hence
are conceptual in nature.
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Table 6.5: Opinions of Probable Pilot Costs

Type
Pilot

Technology

Pilot
Equipment University or
Time
Monthly
Shipping
Engineering
(months) Rental Cost (Storage)
Study Cost
($/month)
Costs ($)
($)
9
5,000
3,500
25,000

GAC
Membrane
Bench
Softening*
4
5,500
(Nanofiltration)
Ozone
Bench
2
5,000
Oxidation
Tray and Spray
Pilot
2
1,500
Aeration
Packed Tower
Pilot
4
4,000
Aeration
*The probable cost for membrane softening refers to
membrane.

Total
Probable
Cost ($)
73,500

1,250

18,000

41,250

2,500

10,000

22,500

750

12,000

15,250

3,000

15,000

34,000

a single-element 4-inch spiral-wound

Conceptual Full-Scale Costs
Conceptual costs for 5 and 10 MGD units for each of the short-listed treatment technology
alternatives is included in this section along with methodology for obtaining cost estimates, along
with a side-by-side cost comparison for each short-listed treatment alternative. The wells included
in this research supply raw water to two WTPs in the NERUSA and two in the NWRUSA. The
NERUSA WTPs included in the cost evaluation are the Providence and Van Fleet WTPs, and the
NWRUSA WTPs assessed are the Gibson Oaks WTP and the Cherry Hill WTP, which are both
currently early in the construction phase. Flow rates of 5 and 10 MGD was chosen for cost
estimates to provide conservative current and future estimates. Actual production of the WTPs are
currently less than 5 MGD but capacity is approximately 5 to 10 MGD depending on the WTP
permit.
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Within this section, costs per gallon installed ($/gal installed) refer to the total conceptual process
capital costs in dollars divided by the plant capacity in MGD. Total conceptual process capital
costs is also shown in $/Kgal, which is the total conceptual process capital cost in dollars divided
by the plant capacity in kilogallons per year, amortized over 20 years at an interest rate of 8%.
Total conceptual O & M costs are also presented in $/Kgal and is calculated similarly – it is the
total annual O & M cost divided by the plant capacity in kilogallons per year. Total costs refer to
the sum of total conceptual process costs in $/Kgal and the total conceptual O & M costs in $/Kgal.
GAC
USEPA cost curves were used to develop conceptual opinions of probable process cost for GAC
operating in adsorption mode and biological mode, also called BAC (Gumerman, Culp, & Hansen,
1979). The number of contactors is assumed to be seven for 5 MGD and 12 for 12 MGD. Based
on diameters of 12 ft and bed depths of 10 ft, this corresponds to carbon volumes of 7,193 and
13,570 ft3, respectively. The bed depths of 10 ft provide for 15 min detention times for 5 gpm/ft2
application rates. Carbon density of 26 lb/ft3, as provided by USEPA, is used to convert from cubic
feet to pounds of carbon. Pressure carbon contactor costs include a complete carbon contacting
facility with vessels, cylinder-operated butterfly valves, liquid and carbon handling face piping
with headers within the carbon contactor buildings, flow measurement and other instrumentation,
master operations control panel, and building. Supply and backwash pumping, initial activated
carbon charge, spent or regenerated activated carbon handling, and carbon regeneration and
preparation facilities are not included in the pressure carbon cost provided in the USEPA cost
curves.
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Energy requirements for operation and maintenance (O & M) costs include backwash pumping,
pumping of spent carbon to regeneration facilities, and return of regenerated carbon. One
backwash per day for 10 minutes at a rate of 12 gpm/ft2 is used for backwash pumping
requirements. Replacement costs for lost carbon is not included. According to the United States
Department of Labor’s Bureau of Labor Statistics, $1.00 in 1979 is worth $3.70 in 2019. Therefore,
conceptual cost values based on 1979 values were multiplied by a factor of 3.7 (U.S. Bureau of
Labor Statistics, n.d.).
In development of the cost curves, USEPA assumed carbon removal and replacement every two
months. Carbon replacement would be more infrequent than every two months if the GAC units
are operated in biological mode; less frequent carbon replacement would decrease costs. BAC
energy costs are based on annual carbon replacement. Breakdowns of GAC and BAC cost
estimates for 5 MGD and 10 MGD capacities are presented in Table 6.6.
Both GAC and BAC have conceptual opinions of probable process cost of $0.53/gal and $0.46/gal
installed for 5 and 10 MGD, respectively. However, decreased carbon replacement frequency led
to lower O & M costs and thus lower total costs for BAC when compared to GAC assuming a 20year time frame and 8% interest rate. Total conceptual costs for GAC are $1.54/Kgal and
$1.43/Kgal for a 5 and 10 MGD WTP, respectively, while total conceptual costs for BAC are
$0.40/Kgal and $0.36/Kgal for a 5 and 10 MGD WTP, respectively.
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Table 6.6: Conceptual Opinion of Probable Process Cost for GAC and BAC Units
GAC Estimated Cost
based on Plant Capacity
Category
Capital
Process Equipment
Pressure Carbon Contactors
Vessels
Butterfly Valves
Liquid and Carbon
Piping
Instrumentation
Control Panel
Initial GAC Supply
Total Capital Cost
$/gal Installed
$/Kgal (20 years at 8%)
O & M (per year)
Energy Requirements
Process Energy
Building Energy
Maintenance Material
Labor
Carbon Replacement Cost
$/Kgal
Total Cost
$/Kgal

BAC Estimated Cost
based on Plant Capacity

5 MGD

10 MGD

5 MGD

10 MGD

$2,250,000

$3,900,000

$2,250,000

$3,900,000

$390,000
$2,640,000
$0.53
$0.15

$740,000
$4,640,000
$0.46
$0.13

$390,000
$2,640,000
$0.53
$0.15

$740,000
$4,640,000
$0.46
$0.13

$240,000

$320,000

$80,000

$100,000

$2,300,000
$1.39

$4,440,000
$1.30

$388,500
$0.26

$740,000
$0.23

$1.54

$1.43

$0.40

$0.36
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Nanofiltration
Several sources were used to develop cost estimates for a full-scale nanofiltration plant for both 5
and 10 MGD plant capacities (Gumerman, Culp, & Hansen, 1979) (Taylor, Mulford, Duranceau,
& Barrett, 1989) (UCF Environmental Systems Engineering Institute, 1997) (Clark, Adams, Sethi,
& Sivaganesan, 1998). According to the United States Department of Labor’s Bureau of Labor
Statistics, $1.00 in 1991 is worth $1.90 in 2019 (U.S. Bureau of Labor Statistics, n.d.). Therefore,
conceptual cost values for a nanofiltration pilot that were originally based on 1991 values were
multiplied by a factor of 1.9. Results are presented in Table 6.7 and show conceptual opinions of
probable process cost as $1.30/gal and $0.95/gal installed for 5 and 10 MGD WTPs, respectively.
Total costs for a 5 and 10 MGD WTP are $1.00/Kgal and $1.35/Kgal, respectively, assuming a
20-year time frame and 8% interest rate.
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Table 6.7: Conceptual Opinion of Probable Process Cost for Nanofiltration Plant
Nanofiltration Estimated
Cost based on Plant
Capacity
Category
Capital
Process Equipment
Cartridge Filters
Membrane Process
Process Pumps
Chemical Feed
Cleaning System
Aerator
Process Piping
Instrumentation & Control
Total Capital Cost
$/gal Installed
$/Kgal (20 years at 8%)
O & M (per year)
Total O & M
Power
Chemical Supplies
Maintenance
$/Kgal
Total Cost
$/Kgal
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5 MGD

10 MGD

$6,500,000

$9,500,000

$6,500,000
$1.30
$0.36

$9,500,000
$0.95
$0.27

$2,100,000

$3,970,000

$1.15

$1.09

$1.51

$1.35

Ozone Oxidation
Conceptual opinions of probable cost for ozone oxidation of 5 and 10 MGD WTPs were developed
based on various sources (Gumerman, Culp, & Hansen, 1979) (Mundy, et al., 2018). Data collected
from several ozone systems in North America suggest that the USEPA-estimated ozone dosages
are high estimates, thus leading to overestimated costs (Mundy, et al., 2018). A dose of 1.0 mg/L
was used for these calculations. Air is assumed to be the feed for systems up to 100 lb/day of
generation; this requires 11 kW-hr/lb of ozone generated (Gumerman, Culp, & Hansen, 1979).
Manufactured equipment cost includes gas preparation equipment, the ozone generator,
dissolution equipment, off gas recycling equipment, and required safety and monitoring
equipment. Ozone dissolution equipment costs are included in ozone generation costs. Energy
costs are based on $0.03/KW-hr and labor is assumed to be $18/hr. According to the United States
Department of Labor’s Bureau of Labor Statistics, $1.00 in 1979 is worth $3.70 in 2019 (U.S.
Bureau of Labor Statistics, n.d.). Therefore, conceptual cost values based on 1979 values were
multiplied by a factor of 3.7. Cost estimates for 5 and 10 MGD WTPs are presented in Table 6.8.
Conceptual opinions of probable process costs for a 5 and 10 MGD WTP are $0.19/gal and
$0.15/gal installed, respectively, for total costs of $0.078/Kgal and $0.059/Kgal, respectively,
assuming a 20-year time frame and 8% interest rate.
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Table 6.8: Conceptual Opinion of Probable Process Cost for Ozone Oxidation
Ozone Estimated Cost
based on Plant Capacity
Category
Capital
Process Costs
Generation System
Manufactured Equipment
Misc. & Contingency
Contact Chamber
Total Capital Cost
$/gal Installed
$/Kgal (20 years at 8%)
O & M (per year)
Total O & M
Maintenance Material
Process Energy
$/Kgal
Total Cost
$/Kgal
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5 MGD

10 MGD

$1,150,000

$1,800,000

$360,000
$1,510,000
$0.30
$0.084

$650,000
$2,450,000
$0.25
$0.068

$60,000

$105,000

$0.033

$0.029

$0.12

$0.097

Tray Aeration
Conceptual tray aeration costs presented in Table 6.9 are estimated for cascade tray aeration units
directly above ground storage tanks with recirculation occurring 8 hours per day. Costs are based
on (Yoakum & Duranceau, 2018). Costs included in Table 6.9 represent conceptual cost estimates
for a WTP that does not already have cascade tray aeration units or GSTs. However, capital costs
for NERUSA WTPs fed by the wells investigated in this research would be lower because trays
are already in place above existing GSTs, so required capital costs would be limited to recirculation
infrastructure. Conceptual opinions of probable process capital costs are $0.046/gal and $0.026/gal
installed for 5 and 10 MGD WTPs, respectively; total costs are $0.054/Kgal and $0.048/Kgal.
Table 6.9: Conceptual Opinion of Probable Process Cost for Recirculating Tray Aeration
Tray Aeration
Estimated Cost based
on Plant Capacity
Category
Capital
Process Costs
Manufactured Equipment
Ground Storage Tank
Misc. & Contingency
Total Capital Cost
$/gal Installed
$/Kgal (20 years at 8%)
O & M (per year)
Total O & M
Process Energy
Maintenance Material
Labor
$/Kgal
Total Cost
$/Kgal
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5 MGD

10 MGD

230,000

255,000

230,000
$0.046
$0.013

255,000
$0.026
$0.007

$76,000

$150,000

$0.042

$0.041

$0.054

$0.048

Spray Aeration
Conceptual cost estimates for spray aeration with recirculation are displayed in Table 6.10 and
based on (Yoakum & Duranceau, 2018) with 8 hours of recirculation each day. Process cost
estimates include GSTs, but costs would be lower if the County retrofits spray nozzles into existing
cascade tray aerator units in the NERUSA. Conceptual opinions of probable process capital costs
are $0.060/gal and $0.033/gal installed for 5 and 10 MGD WTPs, respectively. Total conceptual
costs are $0.058/Kgal and $0.050/Kgal.
Table 6.10: Conceptual Opinion of Probable Process Cost for Recirculating Spray Aeration
Spray Aeration
Estimated Cost based
on Plant Capacity
Category
Capital
Process Costs
Manufactured Equipment
Ground Storage Tank
Misc. & Contingency
Total Capital Cost
$/gal Installed
$/Kgal (20 years at 8%)
O & M (per year)
Total O&M
Process Energy
Maintenance Material
$/Kgal
Total Cost
$/Kgal
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5 MGD

10 MGD

300,000

330,000

300,000
$0.060
$0.017

330,000
$0.033
$0.009

$76,000

$150,000

$0.042

$0.041

$0.058

$0.050

Packed Tower Aeration
Cost estimates for packed tower aeration units are based on (Gumerman, Culp, & Hansen, 1979)
and (Adams & Clark, 1991). Conceptual opinions of probable process costs are estimated for
rectangular aeration towers with 16 ft of media with a loading rate of 30 gpm/ft2. Induced-draft
fans with fan stacks and drift eliminators are included. For operation and maintenance costs,
constant use of the induced draft fan was assumed, but pumping energy is not included due to the
variable nature of pumping requirements. For O&M calculations, energy costs are based on
$0.03/KW-hr and labor is assumed to be $18/hr. According to the United States Department of
Labor’s Bureau of Labor Statistics, $1.00 in 1979 is worth $3.70 in 2019 (U.S. Bureau of Labor
Statistics, n.d.). Therefore, conceptual cost values based on 1979 values were multiplied by a factor
of 3.7. Conceptual cost estimates for 5 and 10 MGD WTPs presented in Table 6.11 show
conceptual opinions of probable process cost as $0.17/gal and $0.12/gal installed for 5 and 10
MGD WTPs, respectively. Total costs for a 5 and 10 MGD WTP are $0.072/Kgal and $0.055/Kgal,
respectively, assuming a 20-year time frame and 8% interest rate.
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Table 6.11: Conceptual Opinion of Probable Process Cost for Packed Tower Aeration
Packed Tower Aeration Estimated
Cost based on Plant Capacity
Category
Capital
Construction Costs
Manufactured
Equipment
Towers
Packing
Clearwell
Cleaning System
Blowers
Misc. & Contingency
Total Capital Cost
$/gal Installed
$/Kgal (20 years at 8%)
O & M (per year)
Total O & M
Process Energy
Maintenance Material
Labor
$/Kgal
Total Cost
$/Kgal

5 MGD

10 MGD

$850,000

$1,150,000

$850,000
$0.17
$0.047

$1,150,000
$0.12
$0.032

$45,000

$85,000

$0.025

$0.023

$0.072

$0.055
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Summary of Conceptual Opinions of Probable Cost for Full-Scale Treatment Alternatives
Conceptual opinions of probable process costs summarized in Table 6.12 suggest that tray aeration
with recirculation is the most economical treatment alternative for TTHM reduction and ozone
oxidation is an economical choice for reduction of HAA5. Combinations of the unit process listed
in Table 6.12 may have benefits for the County, but are outside of the scope of work for this
research.
Table 6.12: Conceptual Opinions of Probable Process Costs for Treatment Alternatives
Treatment
Technology

Process Installation Capital
Cost ($/gal installed)
5 MGD

10 MGD

Total Cost* ($/Kgal)
5 MGD

GAC
$0.53
$0.46
$1.54
BAC
$0.53
$0.46
$0.40
NF
$1.30
$0.95
$1.51
Ozone Oxidation
$0.30
$0.25
$0.12
Tray Aeration with
$0.046
$0.026
$0.054
Recirculation
Spray Aeration with
$0.060
$0.033
$0.058
Recirculation
Packed Tower
$0.17
$0.12
$0.072
Aeration
*Total cost refers to the sum of the amortized cost (20 years at 8%) and
cost.
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10 MGD
$1.43
$0.36
$1.35
$0.097
$0.048
$0.050
$0.055
the annual O & M

CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS
A water quality and treatment evaluation of wells in the Northwest and Northeast Utility Service
Areas was conducted. General conclusions and recommendations based on the results of this
research are presented in this chapter. Conclusions and recommendation specific to the NERUSA
or NWRUSA are indicated as such.
Conclusions
•

Organic composition:
o For the waters studied in this research, UV-254 and to a lesser extent, NPDOC,
showed correlation to both TTHM and HAA5 formation potentials. SUVA did not
show correlation to TTHM or HAA5 formation potentials.
o Qualitative analysis of fluorescence spectroscopy EEMs suggest organic
composition is consistent among wells with highest fractions of humic acid-like
organics, fulvic acid-like organics, and aromatic proteins (in decreasing order).
There was no apparent correlation between fluorescence data and TTHM or HAA5
formation potentials.

•

DBP Formation Potentials:
o Flow has minimal impact on chlorine consumption and TTHM and HAA5
formation potentials based on results from the two wells studied at various
percentages of the design flow.
o The primary regulated THM of concern in the NERUSA and NWRUSA is
chloroform. Averaging the TTHM speciation of 96 and 120-hour samples at
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standard chlorine conditions showed 82 ± 6% chloroform. Bromoform was not
detected for most wells.
o The highest forming well had a 96-hour TTHM concentration of approximately 250
µg/L, while the lowest forming well had a 96-hour TTHM concentration of
approximately 85 µg/L. The TTHM MCL was surpassed in less than 10 hours for
the highest forming well and after approximately 80 hours for the lowest forming
well.
o NERUSA:
▪

TTHM formation potentials at standard chlorine conditions ranged from
approximately 150 to 250 μg/L after 96 hours of incubation at 30°C. TTHM
results from this research along with the reported LRAA value of 76 in Polk
County’s 2018 Annual Report for the NERUSA suggest that TTHMs are a
concern for the NERUSA (Polk County Utilities, 2018).

▪

HAA5 formation potentials were measured to range from approximately 55
to 125 μg/L at elevated chlorine conditions after 96 hours of incubation.
Polk County’s 2018 Annual Report for the NERUSA reports a LRAA of 49
μg/L for HAA5, suggesting that HAA5 may become a compliance concern
as the service area expands (Polk County Utilities, 2018).

o NWRUSA:
▪

TTHM formation potentials at standard chlorine conditions ranged from
approximately 85 to 150 μg/L after 96 hours of incubation at 30°C. TTHM
results from this research along with the reported LRAA value of 63 μg/L
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from Polk County’s 2018 Annual Report for the NWRUA suggest that
TTHMs are a concern as the system expands with new wells and longer
contact times in the distribution system (Polk County Utilities, 2018).
▪

HAA5 formation potentials were measured to range from approximately 30
to 55 μg/L at standard chlorine conditions after 96 hours of incubation.
HAA5 formation potential data from this research along with the LRAA of
37 μg/L for HAA5 as reported in Polk County’s 2018 Annual Report for
the NWRUSA suggest that HAA5 is not an immediate compliance concern
in the NWRUSA (Polk County Utilities, 2018).

•

Treatment Technology Alternatives
o The treatment technologies short-listed as viable options for the WTPs in the
NERUSA and NWRUSA are: (1) GAC pretreatment in either adsorption or
biological mode for DBP precursor removal, (2) nanofiltration membranes for DBP
precursor removal, (3) ozone oxidation as an alternative primary disinfectant, and
(4) aeration. Aeration may be achieved by cascade tray aeration with recirculation,
spray aeration with recirculation, or packed tower aeration.
o Conceptual opinions of probable process costs suggest full-scale implementation
of tray aeration with recirculation is the most economical choice for TTHM
reduction, while ozone oxidation may be useful for HAA5 control. The treatment
alternatives listed from lowest total cost to greatest total cost is: tray aeration with
recirculation, spray aeration with recirculation, packed tower aeration, ozone
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oxidation, GAC for pretreatment in biological mode, membrane softening
(nanofiltration), and GAC for pretreatment in adsorption mode.
o Conceptual opinions of probable pilot costs estimate the GAC pilot to have the
highest cost and the tray and spray aeration pilots to have the lowest cost.
Recommendations
•

NERUSA:
o To alleviate short-term concerns, recirculation can be practiced for WTPs with
existing cascade tray aeration because chloroform was the predominant DBP.
Infrastructure for recirculation should be retrofitted to the WTPs with existing
cascade tray aeration. Operational management of the wells may also be
feasible for TTHM control depending on the residence time of the water.
Distribution system dead-end looping, modified flow and well rotation studies
may be helpful in this regard but are outside the scope of this research. UV-254
is a simple measurement that can be used as a surrogate parameter to predict
DBP formation potentials of wells to assist with operational management of the
wells.
o DBP precursor removal or an alternative disinfectant is necessary to alleviate
long-term concerns, as aeration does not remove HAA5 to any significant
degree or prevent re-formation of TTHMs. Conceptual opinions of probable
process costs conducted in this research suggest that ozone oxidation may be
helpful in this regard. Nevertheless, pilot studies should be conducted to
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determine the best treatment technology alternatives and design configuration
for the County with consideration to cost.
o Additional research could be conducted to develop a hydraulic model for
predicting TTHM and HAA5 FP for the NERUSA to obtain additional
information that can be employed for operational management of the system.
•

NWRUSA:
o Tray aeration with recirculation should be practiced for WTPs in the NWRUSA
because chloroform was the predominant DBP. Aeration with the option of
recirculation should be made available at WTPs in the NWRUSA that are either
not yet built or in the early phases of construction, and infrastructure for
recirculation should be retrofitted to the WTPs with existing cascade tray
aeration. Operational management of the wells may also be feasible for TTHM
control depending on the residence time of the water. Distribution system deadend looping, modified flow and well rotation studies may be helpful in this
regard but are outside the scope of this research. UV-254 is a simple
measurement that can be used as a surrogate parameter to predict DBP
formation potentials of wells to assist with operational management of the
wells.
o DBP precursor removal or an alternative disinfectant may be re-considered if
significant system expansions are projected, as aeration does not remove HAA5
to any significant degree or prevent re-formation of TTHMs. If this is the case,
pilot studies should be conducted to determine the best treatment technology
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alternatives and design configuration for the NWRUSA with consideration to
cost.
o Additional research could be conducted to develop a hydraulic model for
predicting TTHM and HAA5 FP for the NWRUSA to obtain additional
information that can be employed for operational management of the system.
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